The optical constants of ion-beam-sputtered B 4 C films have been measured by ellipsometry in the 190-950 nm range. The set of data has been extended toward both shorter and longer wavelengths with data in the literature, along with interpolations and extrapolations, in order to obtain a self-consistent set of data by means of KramersKrönig analysis. All data correspond to films that were deposited by sputtering on nonheated substrates, and hence they are expected to be amorphous. The B 4 C bandgap was calculated as a fitting parameter of Tauc equations for indirect transitions using the present optical constants. Good global accuracy of the data was estimated through the use of various sum rules. The consistent data set includes the visible to the extreme UV (EUV); this large spectrum of characterization will enable the design of multilayer coatings that combine a relatively high reflectance in parts of the EUV with a desired performance at a secondary range, such as the visible.
INTRODUCTION
Knowledge of the optical constants of materials in a broad spectral range is necessary for demanding applications that require specific performance in such a spectral range. As an example, there are applications for solar physics, astrophysics, lithography, or synchrotron radiation that have a primary spectral range in the extreme UV (EUV) (for simplicity, here it will refer to wavelengths in the 10-200 nm range; often this range is split into far UV or vacuum UV and EUV) but that require a certain performance at a secondary range, such as the visible, near UV, or near IR. For instance, a rejection of the visible would be desirable for EUV coatings when solar-blind detectors are not available. In most cases, optical constants of materials, when available, were measured in relatively narrow ranges, and there may be inconsistencies when combining data from different sources.
Boron carbide has been used as an optical coating in the EUV and soft x rays for various applications. As a singlelayer coating, it has a moderately high reflectance in the ∼50-120 nm range, either as a thin film prepared by ion-beam sputtering [1, 2] or as a bulk prepared by hot pressing [3] . EUV multilayers have also been developed in which sputterdeposited B 4 C films are incorporated into the multilayer both as a constituent [4] [5] [6] [7] [8] [9] and as a barrier layer or capping layer [10] [11] [12] for high-reflectance coatings in the EUV longward of ∼12:5 nm. Sputtered B 4 C films are also used as constituent materials in soft x-ray multilayers in the region longward of the boron K edge (6:6 nm), which has recently emerged as a wavelength region of interest for next-generation photolithography [13] . Furthermore, single-layer B 4 C films deposited by magnetron sputtering have recently been implemented as reflective coatings in x-ray free-electron laser mirrors, due to their high reflectivity combined with resistance to damage incurred by the high instantaneous radiation dose of the free-electron laser beam [14] .
Let us summarize the optical constants of B 4 C that are available in the literature. One difficulty with boron carbide is that there is a plethora of materials under this chemical name with compositions in which the ratio of boron to carbon ranges at least between 2 and 50. As a further complication, B 4 C can be prepared by different methods, and the optical properties are expected to depend on the specific preparation method. The references found for the material in the EUV are for the stoichiometry of B 4 C, with several works reporting optical constants for thin films, mostly deposited by sputtering on nonheated substrates [2, 3, [15] [16] [17] [18] [19] [20] . The few available sets of optical constant data at wavelengths longer than the EUV often refer to various stoichiometries and deposition methods [21] [22] [23] [24] , from which only Refs. [22] (only the absorption coefficient) and [24] (both n and k) involve films with B 4 C stoichiometry. Recently, a review on boron carbide material summarizing several physical (including optical) properties has been published [25] . The scant information on the optical constants of B 4 C longward of the EUV may be due to the fact that the material itself does not have attractive optical constants for optics in the visible and close ranges, because it has a relatively large absorption and yet not a high enough reflectance. However, there are applications for EUV coatings that require a certain performance at a secondary range, such as the visible, which makes important the availability of a set of optical constants in a broad spectral range.
The purpose of this paper is to provide optical constants of amorphous B 4 C films prepared by sputtering on nonheated substrates in a broad spectral range. The paper provides new data measured by ellipsometry in the 190-950 nm range and extends this range with literature data and interpolations and extrapolations both at shorter and at longer wavelengths, with which a self-consistent set of optical constants is obtained. Section 2 describes the equipment used for sample deposition and characterization. Section 3 displays the obtained optical constants n, k of B 4 C and their extension both to the x rays and to wavelengths longer than the reststrahlen band. Kramers-Krönig (KK) analysis was used to obtain a selfconsistent set of data. Sum rules are used to estimate the global accuracy of the data.
EXPERIMENTAL TECHNIQUES
B 4 C samples were prepared by ion-beam sputtering (IBS), by impinging energetic ions at ∼25°on a target placed facing the substrate. A 96:5 mm diameter, 99.9% purity B 4 C target was used. The target was placed in a rotatable target holder that hosts up to four targets that are cooled down with water. Ions were produced by means of a 3 cm hollow cathode ion gun working with a hollow cathode neutralizer; this gun and neutralizer contain no filament, which minimizes contamination. Typical deposition conditions were as follows: ion energy of 1; 200 eV and a total ion current of 45 mA. Ar was used as a process gas. Thin films were deposited at a rate of ∼0:04 nm=s. Film thickness was measured during deposition with a quartz crystal monitor. Si wafers were used as substrates for ellipsometry measurements. A witness glass sample was coated at the same time as the Si substrate; the film thickness of the witness sample was measured a posteriori through Tolansky interferometry, i.e., through multiple-beam interference fringes in a wedge between two highly reflective surfaces [26] . The target-to-substrate distance was 15 cm. The substrate was not intentionally heated or cooled. The sputtering deposition system is placed in an ultra-high-vacuum chamber pumped with a cryopump. The base pressure was 7 × 10 −8 Pa in the sputtering chamber. During deposition, the chamber reached a total pressure of 6 × 10 −2 Pa. Ellipsometry measurements were performed with a Sopralab GES5E spectroscopic ellipsometer. Measurements were performed on samples immediately after taking them out of the vacuum chamber. Ellipsometry measurements started ∼5 min after first contact with the atmosphere, and they lasted less than 30 min. Air exposure was made as brief as possible before ellipsometry measurements in order to minimize any oxidation or contamination of the samples prior to measurements, so that intrinsic optical constants of B 4 C could be measured.
RESULTS AND DISCUSSION
A. Determination of Optical Constants Two samples of B 4 C were prepared, with thicknesses of 37 and 39 nm. Ellipsometry measurements were performed in the 190-950 nm range, and the optical constants n and k were calculated at each measured wavelength. No model for the optical constants of B 4 C versus wavelength was assumed in the calculation. Figure 1 displays the measured ellipsometry parameters r p =r s ¼ tanðψÞe iΔ for the 39 nm thick sample and the calculated parameters with the derived optical constants. Figure 2 displays the obtained optical constants calculated from the ellipsometry measurements, which were averaged over the two samples. The standard deviation, averaged both over the two samples and over the spectrum, is 0.012 for n and 0.008 for k. Likewise, we obtain a relative deviation, normalized to n or k, of 0.004 for n and 0.015 for k. In the calculations, surface roughness was neglected.
The data available in the literature ( [21] [22] [23] ) are very different from the present one, the present k being much larger; n is also very different. This difference is attributed to the very different preparation techniques ( [21] [22] [23] ), different stoichiometry ( [23] ), and also different thicknesses (Refs. [22, 23] ; [21] involves a bulk material) used by the different authors. Here we focus on samples deposited by sputtering on room-temperature substrates, because these are the conditions that we expect for the use of B 4 C films in multilayers for optics; film thickness is in the range of the expected ones for multilayers containing B 4 C. A hotter substrate during deposition is expected to result in a less-absorbing layer, which would be mostly beneficial for an optical coating; however, for many applications heating the substrate is not possible, since it may be limited by the material resistance (either of substrates or multilayer constituents) and by the possible growth of stress. Regarding various sputtering techniques, we consider that IBS and magnetron sputtering are similar techniques that are expected to provide films with similar optical constants; hence, below, in the extension of our data to a broader spectrum, we will use data for samples prepared by either technique, when available. Other than the above, differences in optical constants may arise due to differences in purity and/or sample ageing. Regarding our samples, they were deposited in UHV with the use of clean pumping, and atmosphere exposure was minimized, which suggests that in our samples contamination and oxidation may have been minimized. The present boron carbide n, k data are the first to extend visible measurements down to the beginning of the EUV at 190 nm, and the first data in the visible for B 4 C films deposited on room-temperature substrates by conventional sputtering techniques (versus [22] , where energetic B þ and C þ ions impinged on the growing film at much larger energies-100 eV-than in standard sputtering).
In order to generate a set of optical constants that includes at least from the EUV range to the IR, so that B 4 C-based multilayer coatings can be designed for such a broad range, we extended the present range with data from the literature. We gathered k data over the spectrum, and then we generated n with KK analysis; finally, we compared the latter n data with our data measured by ellipsometry.
The k set gathered here is plotted in Fig. 3 . In the extension to the EUV range, we used k data of Blumenstock et al. [2] for IBS-B 4 C films in the 58:1-175 nm range. These samples were measured after a long contact to atmosphere; a smooth connection between our data and Blumenstock data at 175 nm is referred to in Fig. 3 as interpolation 2. Below 40 nm, the data of Soufli et al. were used [18] ; the latter were deposited by DCmagnetron sputtering. In fact, the Blumenstock data reached down to 40:6 nm, but the connection with the Soufli data was not completely smooth. From the available literature, we found that the data of Monaco et al. [17] measured on samples deposited by RF-magnetron sputtering enabled a good connection to the Blumenstock data at 58:1 nm and to the Soufli data in the 40-46 nm range; this connection between the Soufli data and the Blumenstock data using the Monaco data is referred to in Fig. 3 as interpolation 1. The Soufli data reached 770 eV (1:61 nm); this short wavelength range will be expressed in eV. Above 770 eV (not plotted in Fig. 3 ) we used Henke et al. [27] , who obtained a semiempirical set of data in the 30-10; 000 eV range (later extended to 30; 000 eV [28] ). The density of the B 4 C amorphous films adopted here was 2:28 g=cm 3 , and it was taken from Soufli et al. [14] , who measured it for DC-magnetron-sputtered B 4 C films that were deposited on room-temperature substrates. The Henke data were downloaded from the website of the Center for X-Ray Optics (CXRO) at Lawrence Berkeley National Laboratory [29] .
The extension to longer wavelengths was more difficult, since we found no data in the literature for close enough samples. As an amorphous semiconductor, B 4 C film optical constant data could be attempted to fit with a Tauc-Lorentz model [30] or other close models. However, that model is not accurate in the range of energies smaller than the bandgap of the material (a calculated bandgap of 0:75-0:78 eV will be shown below), because it assumes no absorption; of course, material absorption will not be zero at energies just below the bandgap, so the Tauc-Lorentz model will not be accurate to describe this range. In view of the above lack of data, we decided to use the optical constants of a close material; boron (B) was found to be the closest amorphous semiconductor material for which optical constants were available. k of B was taken from the self-consistent set of data of Fernández-Perea et al. [31] in the spectral range longer than 950 nm, which used measurements by Morita [32] ; B samples in [32] were films deposited by electron-beam evaporation. To avoid a discontinuity at 950 nm, we smoothly connected our data with those of [31] at 1400 nm; this connection is referred to as interpolation 3 in Fig. 3 . At still longer wavelengths, B 4 C is expected to present a reststrahlen band, differently from B; the reason for this is that the reststrahlen band is present when materials have at least partly ionic bonding, as is the case for B 4 C, but in principle not for B. We found a reference for the reststrahlen band of B 4 C in the paper of Samara et al. [21] ; they measured the reflectance of polycrystalline B 4 C samples that had been grown by hot pressing, and they used KK analysis to obtain the dielectric constant from which we calculated k. Their reststrahlen peak was fitted to a sum of two Lorentz oscillators, which we used in the long wavelength extrapolation and referred to as Reststrahlen in Fig. 3 . Regarding the reststrahlen band of a material, its shape is expected to strongly depend on the material being crystalline or amorphous, the band being much sharper and narrower for crystals, as was reported for SiC [33] . Hence, the real reststrahlen band for amorphous B 4 C may be wider and shorter than the one used here; unfortunately, we did not find any data on the reststrahlen band for amorphous B 4 C in order to perform a more accurate model. To help the eye, the set of k data gathered in this full set of k data is plotted in Fig. 3 only with lines, whereas symbols refer to various data in the literature.
With this set of k in the whole spectrum, we could calculate the refractive index n of B 4 C in the whole spectrum using KK dispersion relations:
where P stands for the Cauchy principal value and E stands for photon energy. The result is plotted in Fig. 4 , along with data from the literature. Since we also had measurements of n in the 190-950 nm range, we could check the similarity of both sets of data in this range. The n data obtained through KK analysis were somewhat smaller than data obtained by ellipsometry in the whole range, averaging a 1.3% difference. The difference was considered small enough that the present k data extended from our ellipsometry measurements along with the n data obtained by KK analysis are a self-consistent [18] , Monaco et al. [17] , and Blumenstock et al. [2] , three interpolation ranges, the reststrahlen band obtained from Samara et al. [21] , and literature data for B [31, 32] .
set of optical constants in the whole spectrum that are compatible with our optical constants obtained by ellipsometry. This consistent set of n, k data was taken as the final result [34] .
Let us see the difference in n, k data with respect to other sources. The difference in δ ¼ 1 − n with respect to the data obtained by Soufli et al. [18] was small away from the boron K edge at ∼188 eV; the relative difference in absolute value averaged 2.4% and 2.8% at energies higher and lower, respectively, than the boron K edge. At the boron K edge δ crosses zero; therefore, it is better to use n in the comparison. At the boron K edge, the difference in n with respect to the [18] data averaged 0.03%. The differences compared to Blumenstock et al. [2] and Monaco et al. [17] are not large in the ranges in which their k data were used. There is a somewhat larger deviation with respect to boron in the long wavelengths, which can originate in part from the fact that we are using data of a different material (B versus B 4 C), and we also had to adapt the connection, as explained above. Furthermore, the use of the reststrahlen band taken from crystalline B 4 C, and not for amorphous material, may also be responsible for part of the deviation.
For crystalline semiconductors, the bandgap is a welldefined parameter, which corresponds to energies of forbidden transitions between the valence and the conduction bands. For amorphous semiconductors, Tauc [35, 36] interpreted the presence of some kind of indirect bandgap as representative of optical transitions without momentum conservation between extended states in the valence and conduction bands under the assumption of parabolic bands and constant matrix elements [37] . The bandgap is calculated as a fitting parameter of the absorption coefficient α ¼ 4πk=λ or the imaginary part of the dielectric constant ε 2 [38] . Figure 5 displays a Tauc plot obtained with the present optical constants by fitting equations ffiffiffiffiffiffi αE
where E G is the fitted bandgap energy [38] . From Fig. 5 we obtain E G ¼ 0:78 eV [Eq. (2a)] and E G ¼ 0:75 eV [Eq. (2b)] by the abscissa intercept of the linear extrapolation. The linear fitting was performed in the 1:6-3:2 eV range, which involves data obtained here. Few data were found in the literature. Ahmad et al. [39] obtained a bandgap of ∼0:6 eV for films with B 4 C stoichiometry that were deposited by magnetron sputtering with a methane-saturated boron carbide target. The function fitted is said to be α 1=3 , although some authors use ðαEÞ 1=3 [40] ; the former function gave us a negative fitting parameter in this energy range, whereas the latter gave us a bandgap close to 0. Lee et al. [41] measured an indirect bandgap of ∼0:8 eV for the present stoichiometry for films prepared by plasma-enhanced chemical vapor deposition on substrates at 400°C; films were determined to be either microcrystalline or amorphous. The authors apparently used also Tauc equations for bandgap calculations. For more crystalline samples, other bandgap values have been obtained ranging from 0:48 eV (Werheit et al. [42] , for coarse crystalline and sintered B 12 C 3 ; they used Tauc equations but had to separate a longwave tail in some unspecified way) to 2:9-4:0 eV (Armstrong et al. [43] ; theoretical calculations on B 12 C 3 crystals) to 2:781 eV (Bylander et al. [44] ; theoretical calculations on B 12 C 3 crystals). Monaco et al. [24] obtained a gap of 2:41 eV for an amorphous film prepared by pulsed laser deposition on room-temperature substrate, but it was obtained with the equation of direct transitions (an exponent of 2 instead of 1=2 in Eq. (2); no linear range was found here using an exponent of 2). Furthermore, the bandgap of boron carbides depends on stoichiometry in such a way that it increases with the boron-to-carbon ratio. Summarizing, a wide range of bandgaps have been reported for boron carbides, and the one obtained here has been calculated with accurate optical data measured on B 4 C thin films deposited on room-temperature substrates in UHV conditions after minimal contact with the atmosphere and using Tauc equations for indirect transitions.
B. Consistency of Optical Constants
The f sum rule relates the number density of electrons to k or to other functions; it provides guidance to evaluate the global accuracy of k data. It is useful to define the effective number of electrons per atom n eff ðEÞ contributing to k up to given energy E:
where N mol is the molecular density, e is the electron charge, ε 0 is the permittivity of vacuum, m is the electron mass, and ℏ is the reduced Planck constant [45] . The f sum rule expresses that the high-energy limit of n eff must reach the number of electrons of the atom or molecule involved, which is 26 for B 4 C. When the relativistic correction on scattering factors is taken into account, the high-energy limit of Eq. (3) is slightly modified. A modified electron number of 25.98 was adopted here [46] . As mentioned above, the density of B 4 C amorphous films to calculate N mol was taken as 2:28 g=cm 3 . The highenergy limit that we obtained using Eq. (3) with the consistent data set described in Section 3.A was 26.80, which is a 3.2% larger than the theoretical value; this deviation can be considered acceptable here, taking into account the large number of data sources that were used. From the above number of electrons, 0.88 comes from the spectral range measured by ellipsometry. A larger number of electrons that contribute in this same spectral range is obtained when we replace k in Eq. (3) with ε 2 [47] : the number of electrons coming from the spectral range measured by ellipsometry is then 2.48; with the latter function the total number of electrons using the present optical constants is 26.81. These results suggest that the above deviation in n eff ð∞Þ originates over the large spectrum gathered here, and not specifically over the ellipsometry range. The deviation may come in part from inconsistencies in the k data used in the energy extrapolations, and it probably comes mostly from the EUV-to-short x rays, since these are the ranges with the largest contribution in the integral of Eq. (3). A useful test to evaluate the accuracy of KK analysis is obtained with the inertial sum rule:
which expresses that the average of the refractive index throughout the spectrum is unity. The following parameter is defined to evaluate how close to zero the integral of Eq. (4) [48] is:
Shiles et al. [45] suggested that a good value of ζ should stand within AE0:005. An evaluation parameter ζ ¼ 9 × 10 −4 was obtained with the n data calculated in this research. Therefore, the inertial sum rule test is well within the above top value. The main contribution to the integral of Eq. (4) comes from a broad spectral range of ∼0:05-6; 000 eV, which includes the present ellipsometry range but also many data in a broader range and has a peak contribution at ∼12:7 eV. As with the f sum rule, we looked for a specific sum rule that gives more weight to the ellipsometry range. This was obtained by replacing n with ε 1 (the real part of the dielectric constant) in Eq. (4) [47] ; in this case, we must assume a negligible DC material conductivity for the integral to be zero, which seems plausible for amorphous B 4 C. With this sum rule an evaluation parameter [immediately generalized from Eq. (5)]of 8 × 10
was obtained, which is even lower than the one obtained above. The main contribution to the integral comes from a similar range to that above, but the peak is now at ∼8:3 eV, which is closer to the high-energy edge of the present ellipsometry range. This suggests, along with the f sum rule, a good consistency of the n and k data set gathered here.
The present self-consistent data set aims at enabling the design of multilayer coatings based on B 4 C films with optimized performance in the EUV to near IR. This task adds to our past efforts to provide similar sets of data on other semiconductors (B [31] and SiC [49] ) and insulators (SiO [50] ), which will be further addressed with more materials in the near future.
CONCLUSIONS
The optical constants n and k of thin IBS B 4 C films, which were deposited on room-temperature substrates, have been obtained from ellipsometry measurements in the 190-950 nm spectral range. This data set has been extended to a broad spectrum with literature data, as well as interpoatons and extrapolations. With KK analysis we have constructed a consistent set of optical constants; this set will enable the design of coatings optimized over a broad spectral range that includes the soft x rays and the EUV, in part of which B 4 C coatings have either a moderately large reflectance or a low absorption, up to the near IR. That set is useful for applications for which, in addition to a high reflectance in the EUV, a certain performance in a secondary range is required, such as the visible. A bandgap of 0:75-0:78 eV was obtained as a fitting parameter of Tauc equations for indirect transitions.
The evaluation of f and inertial sum rules shows good consistency of the optical constants gathered for B 4 C. 
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